Accessing a high dimensional Hilbert space spanned by temporal modes (TMs) of single-photons is an intriguing idea for quantum information protocols, though it is experimentally challenging. The quantum pulse gate (QPG), a group-velocity matched sum-frequency process, can perform arbitrary TM resolved measurement. We present a thorough characterisation of measurement operators of a QPG and we show that this device is capable of performing full state tomography with 99% fidelity. Moreover, we use this device for TM tomography of pure and mixed heralded single-photon states in 7-dimensional Hilbert space.
Introduction
Field-orthogonal temporal modes (TMs) span the frequency-space of optical states, which alongside polarization, spatial and photon-number degrees of freedom fully describes light. Naturally, TMs provide an intrinsically unbounded Hilbert space for diverse applications in quantum information science. Compatibility of TMs with single-mode fibres provides a promising framework for implementation of high-dimensional quantum communication protocols [1] .
The challenge is to manipulate and measure TMs in a way that preserves the quantum properties of the state. More precisely, operations on TMs need to work with high efficiencies on a single-photon and preserve their orthogonality [2, 3] . The quantum pulse gate (QPG) is an group-velocity matched sum-frequency process designed to operate on arbitrary TMs, set by the classical pump of the process [4, 5] .
QPG Tomography
To set the measurement operator of the QPG we shape the spectral amplitude and phase of its pump field. Due to imperfections, the experimentally implemented measurement operators might deviate from the theory. To characterise the performance of the QPG, we perform a full detector tomography with weak coherent input states. To form a complete tomographic set, we take mutually unbiased bases (MUBs) to set the input states and the measurement operator of the QPG. We reconstruct a full set of QPG measurement operators, which show an average fidelity of 85% to an ideal QPG operating on a 7-dimensional space. To negate the experimental imperfections for the state tomography we utilise a data-pattern tomography scheme [6] , and we reconstruct the density matrix of known input states with 99% fidelity.
TM tomography of quantum states
In the next step, we experimentally reconstruct the density matrix of single-photon states [2] . To prepare non-classical states, we use a heralded type-II PDC source with decorrelated and correlated joint spectral amplitude distributions [7] . Since our heralding operation is insensitive to the TM mode of the PDC photon, the heralded state becomes spectrally mixed and pure for correlated and decorrelated PDC states, respectively [8] . In Fig. 1 , we plot the reconstructed 5-dimensional density matrices of heralded single-photons in a pure or partially mixed state. 
Conclusion
In conclusion, we present TM tomography of pure and mixed single-photon states by reconstructing their full density matrices in up to 7-dimensions. This work constitutes a step towards exploiting TMs of single photons for quantum information science.
